We describe a compact double-layer waveguide grating splitter that not only achieves efficient coupling between single mode fiber and a silicon-on-insulator optical waveguide but also realizes effective splitting. By appropriate choice of waveguide/grating parameters, including thicknesses, periods, height, and fill factor to optimize the mode matching, coupling efficiency is improved and the value of power difference of each output port is also significantly decreased. The maximum of power difference between four output ports is about 6.2%; however, the minimum value is only 0.6% or so. Moreover, the average power difference of four output ports is lower than 10% for TE polarization light over the 10 nm wavelength bandwidth centered at 1:54 μm. In addition, the splitter structure has the best tolerance for grating fabrication with deviations of grating depth 90 nm. Silicon-on-insulator (SOI) waveguides show great potential for high-density integrated circuits due to their relatively low losses and high refractive index contrast. These waveguides have many promising applications [1] [2] [3] . A beam splitter based on an SOI structure is a key element in the fiber-optic components industry, especially in devices such as switches, routers, and isolators [4] [5] [6] . Conventional beam splitters are based on the use of the natural birefringence of some crystals or on the polarization properties of multilayer dielectric coatings [7, 8] . However, these crystals require a large thickness to generate enough walk-off distance between the two orthogonal polarizations owing to intrinsically small birefringence of the naturally anisotropic materials. In addition, with the development of microfabrication technologies, subwavelength gratings (SWGs) have attracted more and more attention. SWGs are expected to realize special optical functions based on their formbirefringence effect. Moreover, their compact size and light weight are advantageous to the miniaturization and integration of optical systems. Consequently, the beam splitter based on SWGs may be an alternative design due to low cost and compact structure suitable for mass reproduction.
Silicon-on-insulator (SOI) waveguides show great potential for high-density integrated circuits due to their relatively low losses and high refractive index contrast. These waveguides have many promising applications [1] [2] [3] . A beam splitter based on an SOI structure is a key element in the fiber-optic components industry, especially in devices such as switches, routers, and isolators [4] [5] [6] . Conventional beam splitters are based on the use of the natural birefringence of some crystals or on the polarization properties of multilayer dielectric coatings [7, 8] . However, these crystals require a large thickness to generate enough walk-off distance between the two orthogonal polarizations owing to intrinsically small birefringence of the naturally anisotropic materials.
In addition, with the development of microfabrication technologies, subwavelength gratings (SWGs) have attracted more and more attention. SWGs are expected to realize special optical functions based on their formbirefringence effect. Moreover, their compact size and light weight are advantageous to the miniaturization and integration of optical systems. Consequently, the beam splitter based on SWGs may be an alternative design due to low cost and compact structure suitable for mass reproduction.
In this Letter we propose a compact 1 × 4 beam splitter with a high performance based on the form birefringence of SWGs. A combination of effective-medium theory and rigorous coupled-wave theory, is applied to the design and analysis of this beam splitter. Finally, the simulation results are obtained by the finite-difference time domain method.
We optimize first the design parameters, including waveguide width, grating period, fill factor, grating widths, and grating height. A single-layer SWG coupler and 1 × 2 splitter can be obtained as shown in Fig. 1 . This binary blazed grating is composed of subwavelength pillars with uniform height [9] . The pillars' widths are modulated to obtain the blaze effect.
A binary blazed architecture has an identical etching depth, and a period consists of four subgratings with different fill factor and ridge width [10, 11] . The optimized number of pillars in one grating period is mainly determined by the grating period and the fabrication constraint. The distance between two adjacent subgratings is chosen such that one beam is transmitted along the left branch of the waveguide and the other is transmitted in the opposite direction, guaranteeing that the light will couple symmetrically.
a and w are the thickness of Si waveguide and the buried oxide (SiO 2 ), respectively. T denotes the period of the grating. Δ 1 , Δ 2 , Δ 3 , and Δ 4 are the corresponding subperiods, respectively. h is the etching depth of the grating.
According to planar waveguide theory, the effective refractive indices (ERIs, N eff ) of the TE mode as a function of wavelength and the depth of waveguide satisfy the following equations: 
Thus, for an SOI planar waveguide structure, n Si ¼ 3:5, n c ¼ 1 (air), and n SiO2 ¼ 1:45, we can obtain the effective refractive index when the depth of the waveguide is equal to 300 nm and λ ¼ 1550 nm. Furthermore, according to the phase match condition between the gratings and the waveguide mode, the grating period, denoted T, should be
Therefore, when we consider normal incidence and vertical coupling, i.e., θ ¼ 0, m ¼ 1, the grating period T can also be acquired based on Eqs. (1) and (2).
Finally, the fill factor of the grating, which is defined as the ratio of pillar width to the grating subperiod, is also obtained in terms of the localized effective refractive indices theory of binary gratings and the discrete processing of signal phase [10] . The localized effective refractive indices of binary gratings with a localized subwavelength structure consisting of ridges of material n 1 with material n 2 in between can be obtained through
wherein f denotes the fill factor of the grating. Thus, the ridge width of each subgrating can also be obtained according to Eqs. (2) and (3). We can control the fill factor, or to say, the width of each ridge, to obtain the desired arbitrary reflective indices distribution. Furthermore, if the output laser is a Gaussian beam and its beam waist is ω 0 , the theoretical optimal grating coupling length L satisfies the following equation:
An optimal grating coupler length exists for which the overlap between the exponentially decaying diffracted field and the Gaussian mode profile is maximal. This also determines the directionality of the grating.
We launch an incident light at 1:55 μm for TE polarization with normalized power 1, then detect the amount of light coupled into the waveguide, and further calculate the coupling efficiency.
According to above theoretical analysis, we take these parameters given in Table 1 as a starting point for simulation.
The distribution of the Poynting vector in an Si waveguide is shown in Fig. 2 .
Furthermore, the coupling efficiency of the right and the left branches of the waveguide is 27% and 28%, respectively. Obviously, the difference in the value of coupling power between the two branches is only 1%. The corresponding output wave profile of the two branches is given in Fig. 3 . Consequently, this type of single-layer subwavelength binary blazed grating can realize equalpower coupling and splitting operations.
Based on the above identical design and principle, a double-layer grating structure is proposed first, which consists of two same binary blazed grating, as shown in Fig. 4 .
The distribution of optical field within double-layer grating also is given in Fig. 5 . The wave profiles of the right and the left branches are given in Fig. 6 .
Note that the total power coupled in the waveguide was normalized to be 1, then, the coupling power of each port is given in Table 2 . ∇ port denotes the power difference of the identical-side's output port; however, ∇ layer indicates the power difference of the identical-layer's output port. Obviously, the power difference between the right and the left output ports of the upper layer and the lower layer (∇ layer ) is only around 2.8%. Simultaneously, the power difference between the upper and the lower layer of the right and the left output port (∇ port ) is only about 3.4%. Furthermore, the maximum of power difference between the four output ports is clearly about 6.2%; however, the minimum value is only 0.6% or so. Consequently, this double-layer subwavelength grating well functions as a 1 × 4 beam splitter because it is nearly satisfied with equal-power output.
The relationship of normalized power as a function of wavelength is shown in Fig. 7 , which indicates the power difference of the four output ports is less than 10% when the wavelength is in range of 1.502-1.505 and 1:538 -1:548 μm. Thus, the wavelength bandwidth is about 3 and 10 nm, respectively.
The normalized power as a function of the depth of grating is also discussed when λ ¼ 1:55 μm, the width of waveguide is equal to 0:3 μm, and the height of SiO 2 layer is 0:9 μm. The corresponding relationship curve is given in Fig. 8 .
The simulation results show that the power difference of the four output ports is less than 15% when the grating depth changes within a range of 0:31 -0:40 μm. The double-layer grating splitter is tolerant of deviations of the grating depth (Δd ¼ 0:09 μm), which is broadband and immunity to depth errors.
In conclusion, we have proposed and numerically demonstrated a two-layer grating coupler used as a 1 × 4 beam splitter. It can vertically couple light into two-layer waveguides while splitting them, which is very useful in integrated optical circuits. 
